β-catenin has well-established functions in cell growth and differentiation as part of the Wnt signaling pathway and in regulation of cellular adhesion with E-cadherin. Here we studied its significance in midbrain development by temporally controlled deletion of β-catenin allowing simultaneous analysis of complete (β-cat-null) and partial (β-cat-low) loss-of-function phenotypes in progenitor cells. β-cat-null cells did not contain centrosomes or a microtubule network and were unpolarized forming delaminated bulges. β-cat-low cells displayed defects in the orientation of the mitotic spindle, increased asymmetric cell divisions and premature differentiation in absence of alterations in polarity or adhesion. The spindle defect was associated with decreased centrosomal S33/S34/T41 phosphorylated β-catenin (p-β-cat) and centrosomal and microtubule defects. Interestingly, neural progenitor cells in mice expressing only unphosphorylatable β-catenin share several phenotypes with β-catenin loss-of-function mice with defects in microtubules and polarity. The results demonstrate a novel function for p-β-cat in maintaining neuroepithelial integrity and suggest that centrosomal p-ß-cat is required to maintain symmetric cleavages and polarity in neural progenitors.
Introduction
The Wnt/β-catenin (β-cat) signaling pathway is important for embryogenesis via the regulation of patterning, cell fate decisions, and cell polarity. A well-characterized part of the pathway involves regulation of the amount of β-cat available to act as a co-activator in transcription through β-cat phosphorylation and regulation of its stability. In the absence of Wnt ligands, cytoplasmic β-cat is phosphorylated on Ser-33, Ser-37, and Thr-41 by glycogen synthase kinase 3β (GSK3β) in a destruction complex with APC, axin1, and axin2/conductin leading to ubiquitination and degradation of the cytoplasmic phosphorylated β-cat (p-β-cat) in the proteasome. Binding of Wnts to cell surface receptors releases β-cat from the destruction complex and results in accumulation and nuclear translocation of unphosphorylated β-cat, which acts as a co-activator for TCF/LEF to regulate transcription and promote proliferation during organogenesis (reviewed in (Grigoryan et al., 2008; Huang and He, 2008) ). In neuronal development transcriptional regulation by Wnt/β-cat is important in the spinal cord and forebrain (Chenn and Walsh, 2002; Machon et al., 2003 Machon et al., , 2007 Megason and McMahon, 2002; Woodhead et al., 2006; Zechner et al., 2003 Zechner et al., , 2007 and for patterning, cell proliferation and neuron differentiation also in the developing midbrain (Andersson et al., 2008; Castelo-Branco et al., 2004 , 2005 Chilov et al., 2010; Panhuysen et al., 2004; Prakash et al., 2006; Tang et al., 2009) .
β-catenin also plays a pivotal role in regulating cell adhesion as a component of adherens junctions (AJ) suggested to be important in neuronal development. Conditional deletion of β-cat early in cortical development causes disruption of the neuroepithelium, loss of cell polarity, and apoptosis (Brault et al., 2001; Junghans et al., 2005; Machon et al., 2003) . These effects were primarily attributed to the breakdown of cadherin-based cell adhesion (Junghans et al., 2005; Tang et al., 2009 ) although a direct effect of β-cat on neuronal nuclear translocation through influencing cytoskeleton dynamics was also considered (Machon et al., 2003) .
More recently, β-cat has also been identified at centrosomes and implicated in both anchoring microtubules (MTs) to the centrosome (Huang et al., 2007) and in regulation of centrosome cohesion in cultured cell lines (Bahmanyar et al., 2008; Hadjihannas et al., 2010) .
Centrosomal β-cat is also phosphorylated by GSK3β and this phosphorylation is inhibited following Wnt signals. However, the centrosomal p-β-cat appears to be less susceptible to degradation as it is readily detectable in the absence of Wnt signals (Hadjihannas et al., 2010) suggesting a specific role for p-β-cat in centrosomes.
For neuronal development, it is crucial to establish apico-basal polarity in the ventricular zone progenitor cells and precisely regulate the plane of their division. Symmetrical vertical divisions are thought to be important for maintenance of progenitor cell identity, whereas oblique asymmetric divisions result in neurogenic cell cycle exit. Both apico-basal polarity and regulation of cell cleavage plane depend on the MT network and centrosome function. Several centrosomal proteins regulating mitotic spindle orientation in neuronal progenitors have been identified (reviewed in Fietz and Huttner, 2010) . Interestingly, some of these have been recently shown to interact with β-cat (Godin et al., 2010a (Godin et al., , 2010b ).
Here we have dissected the roles of the various β-catenin functions in neurogenesis in the embryonic midbrain using both temporally controlled inactivation of β-cat as well as replacement of β-cat with a non-phosphorylatable stabilized form. We find phosphorylated β-cat in centrosomes of neuroepithelial progenitors, and suggest involvement of p-β-cat in maintenance of MTs, orientation of the mitotic spindle and regulation of the neurogenic cell-cycle exit.
Methods

Generation and genotyping of mice and embryos
Generation and genotyping of an Engrailed 1 (En1) allele carrying Cre-recombinase knock-in (En1 cre ; Kimmel et al., 2000) , Rosa26 locus carrying tamoxifen inducible R26cre-ert allele (Vooijs et al., 2001) , conditional β-catenin inactivating allele (β-cat flox ) (Brault et al., 2001) , and the conditional stabilizing β-catenin allele (β-catenin flox(ex3) ) (Harada et al., 1999) as β-cat stab in accordance with (Chilov et al., 2010) . For staging, the day of vaginal plug was counted as embryonic day 0.5 (E0.5). For BrdU incorporation analysis, pregnant females were given intraperitoneal injection of BrdU (3 mg/100 g body weight) 1 h before dissecting the embryos. To induce Cre-recombinase in R26cre-ert mice, pregnant females were given intraperitoneal injection of tamoxifen (Sigma) (8 mg/40 g body weight) 48 h prior to embryo harvesting. All animal work has been conducted according to relevant national and international guidelines. Approval has been obtained from the Finnish Committee of Experimental Animal Research.
Immunofluorescence
Immunofluorescent staining on paraffin sections was performed as described previously (Jukkola et al., 2006) . Primary antibodies used were mouse monoclonals against BrdU (GE Healthcare); HuC/D (Invitrogen, Eugene, OR); pancadherins, γ-tubulin (Abcam, Cambridge, UK); aPKC, β-catenin, p27, EB1 (BD South San Francisco, CA); ZO1 (Zymed, South San Francisco, CA); and α-tubulin (Developmental Studies Hybridoma bank, Iowa City, IA). Rabbit polyclonal antibodies used were against SOX2, PAR3 (Millipore); β-catenin, γ-tubulin (Sigma, Saint Louis, USA); and phospho-β-catenin (Ser33/37/ Thr41; Cell Signaling, #9561), α-tubulin (Cell Signaling), phosphohistone H3 (Upstate, Lake Placid, NY). All images were acquired using consecutive channel laser scanning.
Explant and cell culture E9.5 embryos were dissected from NMRI females followed by isolation of rhombomere1/midbrain tissues. The neuronal tube was opened dorsally, placed on filters and positioned on organotypical culture grids. The explants and MDCK cells were cultured in DME medium with 10% fetal calf serum in presence or absence of 5 μM of BIO (Calbiochem) for 2 days. MDCK cells were obtained from ATCC (CCL-34).
Microscopy
Confocal images were acquired using the Leica TCS SP5 confocal system and LAS-AF software. Confocal stacks and images were processed and deconvoluted using Imaris 6.1 (Bitplane) and AutoQuantX (AutoQuant) software. All multi-color images were acquired using consecutive channel laser scanning. Co-localization of p-β-cat and γ-tubulin was analyzed using image-processing software Imaris. The program calculates a co-localization channel based on pixels that feature both green and red channel intensities above a certain threshold level. To increase stringency of calculation, pixels with intensities lower than 25% of average were cut off. EB1 particle numbers were calculated using ImageJ software.
Statistical analyses
The division plane angles were measured using ImageJ software and analyzed using two-sample t-test.
Results
To identify β-catenin functions in neurogenesis in the embryonic midbrain a strategy circumventing lethality associated with early deletion (Brault et al., 2001) was required. For this we generated mice with a widely expressed tamoxifen-inducible deletor allele (R26cre-ert) (Vooijs et al., 2001) together with a conditional β-catenin allele (Brault et al., 2001) . Deletion of the floxed region of β-catenin in R26 cre-ert/+ ; β-catenin flox/flox embryos (abbreviated herein as β-cat lof for loss of function) (Chilov et al., 2010) was induced by intraperitoneal injection of tamoxifen into pregnant dams at E9.5 (Brault et al., 2001; Vooijs et al., 2001 ) 2 days prior to harvesting of the embryos to analyze neurogenesis in the midbrain neuroepithelium. Analysis of E11.5 midbrain sections of β-cat lof embryos revealed occasional discontinuities in the neuroepithelial lining where cells were delaminated and bulged into the ventricle. β-cat staining revealed that cells in these bulges were β-cat protein null arrows) . In addition, there were areas of cells with altered β-cat staining within an apparently intact neuroepithelium . In these areas basolaterally localized β-cat staining was absent, whereas β-cat adjacent to apical cell edges was still present suggesting that these cells had undergone recombination recently and had partial loss of β-cat protein. These cells are referred to herein as "β-cat-low" to distinguish them from the genotypically identical β-cat-null cells.
β-catenin deficiency leads to loss of cell polarity
To investigate polarization of β-cat-low and β-cat-null cells, E11.5 midbrain sections were stained with the major apical polarity complex proteins PAR3 and atypical PKC (aPKC), which are critical for formation and the maintenance of mammalian neuroepithelial cell polarity, maintenance of cell asymmetry and thereby progenitor cell proliferation and differentiation (reviewed in Barnes and Polleux, 2009; Suzuki and Ohno, 2006) . In β-cat-low cells with apically localized β-cat protein all polarity markers as well as cadherins are comparable to controls (Figs. 1e, f, g, and h ). In contrast, in β-cat-null cells PAR3 is undetectable and aPKC is redistributed from the apical membrane (Figs. 1e and f, arrows) . In addition the apical marker ZO1 is absent in β-cat-null cells (Fig. 1g, arrow) . Thus, loss of β-cat leads to pronounced defects in polarity in midbrain neural progenitors. The delamination of the cells is indicative of defects also in cell adhesion, although cadherin staining was still detectable also in β-cat-null bulges (Fig. 1h , arrow).
β-catenin is involved in the neurogenic switch in developing midbrain
To investigate neural differentiation in β-cat-low and β-cat-null cells distributions of proliferative ventricular zone progenitors (Sox2) and postmitotic neural precursors (HuC/D; Tuj1) were subsequently analyzed. In β-cat-low cells the normally even Sox2 staining in the ventricular zone had changed with low or undetectable staining in many cells leading to striking heterogeneity (Fig. S1b) . β-cat-low cells in the ventricular zone were characterized by frequent ectopic expression of postmitotic markers HuC/D and Tuj1 (Figs. S1d and f, open arrows) as well as by p27 staining (Fig. S3b) . The altered expression patterns noted in β-cat-low cells were also noted in bulges of β-cat-null cells (Figs. S2 and S3, bulge) . The premature differentiation was prominently observed in the ventro-lateral midbrain, where it was not associated with significant changes in proliferation in either β-cat-low or β-cat-null cells as detected by either BrdU incorporation (Figs. S2a and b), Cyclin D1 (Figs. S2e-h) or phosphohistone H3 (Fig. S2i) . Proliferation in the floor plate was significantly reduced consistent with previous results (Tang et al., 2009) . Taken together the results indicate that decreased β-cat induces precocious differentiation of some ventricular zone progenitors prior to detectable alterations in polarity or adhesion. However, loss of β-cat may not directly lead to cell cycle exit, as increased differentiation was observed in a mosaic pattern and many β-cat protein negative progenitors were still found to proliferate despite the loss of their polarity.
β-catenin is required for centrosomes and microtubules in the neuroepithelium
In an attempt to identify mechanisms underlying the loss of cell polarity, we next analyzed centrosomes and MTs strongly implicated in cell polarity (reviewed in Gonczy, 2008; Higginbotham and Gleeson, 2007) and in neurogenesis (Bond et al., 2005; de Anda et al., 2005; Higginbotham et al., 2006; Shu et al., 2006; Yokota et al., 2009) . Centrosomes in ventral zone neural progenitor cells as detected by γ-tubulin (γ-tub) were primarily localized close to the apical surface in wild-type cells as expected (Fig. 2a, open arrow) . In β-cat low cells γ-tubulin staining was irregular, with decreased or undetectable staining in some cells along the intact apical surface (Fig. 2b, arrows) . Centrosomal defects were even stronger in the β-cat null cells, which were devoid of γ-tubulin staining even when analyzed using consecutive sections (Fig. 3b' ). In these cells also MTs as detected by α-tubulin were collapsed or barely detectable (Figs. 3d' and d", filled arrow), whereas in β-cat-low cells α-tubulin staining did not reveal MT deficiencies (see also below). These results for the first time suggest that β-cat is not only a component of centrosomes, but also required for centrosome maintenance in the neuroepithelial cells. 
. β-catenin deficient cells lose cell polarity. Immunofluorescence analysis of coronal sections through ventral midbrains of wt (a-d") and β-cat lof (e-h") embryos with anti β-cat antibody (red) and antibodies against PAR3 (a', e'), aPKC (b', f'), ZO1 (c', g'), or Cadherins (d', h') (green) also shown as overlay with nuclear DAPI stain (a"-h"). Images show areas with partial loss of β-catenin where basolateral β-cat staining is mostly undetectable, whereas β-cat on apical surfaces is still present (β-cat-low cells). In areas where β-cat is undetectable (β-cat-null cells) bulges form and cells lack polarity based on PAR3, ZO1, aPKC and Cadherin staining (arrows). Size bar = 10 μm.
Decrease of EB1 in β-cat-low cells
To further explore defects in MTs EB1 distribution and levels were analyzed in β-cat-low cells. EB1 is associated with MT plus ends and with centrosomes and is important for MT dynamics, linking MTs to the cell cortex and centrosomes and in positioning of the mitotic spindle (Askham et al., 2002; Lansbergen and Akhmanova, 2006; Tirnauer and Bierer, 2000) . Staining with EB1 antibodies demonstrated the expected particulate staining (Vaughan, 2005) where the number as well intensity of total EB1 spots was significantly decreased in β-cat-low cells in ventral midbrain (Figs. 3e and f) . Also a specific reduction in apical EB1 staining was noted in ventral midbrain consistent with the irregular centrosomal staining (Figs. 2b and 5b, d) . In the floor plate region, where β-cat levels are not significantly decreased, EB1 staining was not altered (Figs. 3g and h) , whereas in the β-cat-null bulges EB1 was further decreased as expected based on the lack of centrosomes and MTs. The decrease of EB1 thus correlates with decline in β-cat levels and is consistent with alterations in centrosome/MT dysfunction prior to the loss of cell polarity.
β-catenin regulates the plane of cleavage of progenitor cells
Neurogenesis is determined by mitosis of proliferative progenitors, where asymmetric cleavage leads to differentiation of one of the daughter cells. The centrosome is a critical regulator of the mitotic spindle orientation (Haydar et al., 2003; Kosodo et al., 2004; Wilcock et al., 2007) . To investigate the possibility that centrosomal defects in β-cat low cells affect mitotic spindle positioning, we investigated orientation of division planes of mitotic cells. The majority of division planes in control embryos were close to perpendicular (spindle angle 75°-90°; example in Fig. 4a ). The spindle angle below 54°could be expected in 5% of wt but in more than 15% of β-cat-low cells (p = 0.0004). The latter frequently exhibited horizontal cleavage (Fig. 4b ), which was rare in the midbrain of wt embryos. The results suggest that there are increased asymmetric cleavages, which may contribute to precocious differentiation in β-cat-low cells.
Phosphorylated β-catenin localizes to centrosomes in neural progenitors in vivo
The requirement of β-cat for centrosomes/MTs prompted us to investigate the localization and role of S33/S34/T41-phosphorylated β-cat (p-β-cat) in the noted phenotypes in vivo, as p-β-cat has been identified in centrosomes in cultured mammalian cells (Bahmanyar et al., 2008; Hadjihannas et al., 2010; Huang et al., 2007) . p-β-cat staining demonstrated a readily detectable punctuate staining, which was not detected following phosphatase treatment or blocking with a β-cat phosphopeptide (Fig. S5) . Further indication of specificity was provided by significant co-localization of signal with γ-tubulin in MDCK cells (Fig. S6) . P-β-cat staining in the midbrain neuroepithelium was concentrated on apical surfaces of neural progenitors especially in the ventral midbrain (Fig. S7c) , and was markedly reduced in this area in β-cat-low cells (Fig. S7d) . A clear colocalization was noted in p-β-cat staining with γ-tubulin (Figs. 5a" and 6a) and pericentrin (Fig. 5c") consistent with centrosomal staining. In the β-cat-low cells colocalization was not clear due to weaker staining and irregular centrosomes (Figs. 5b and d ) characteristic of the β-cat low cells (see Fig. 2 ). In the β-cat-null cells no specific staining was noted (Figs. 5d and S7d, e) . Thus, we demonstrate that GSK3β-phosphorylated β-cat localizes to centrosomes in developing neuronal progenitors. Phosphorylated β-catenin is required for maintenance of centrosomes and polarity
In contrast to the cytoplasmic p-β-cat, which is rapidly degraded, centrosomal p-β-cat is readily detectable in cultured cells ((Hadjihannas et al., 2010) , Fig. S6 ) and in neural progenitors (Fig. 5) suggesting that p-β-cat may have a specific role in centrosomes in the developing brain. To investigate this, we analyzed mice carrying a β-cat mutant lacking the GSK3β phosphorylation sites (Harada et al., 1999) and accordingly acting as a stabilized constitutively active allele for the β-cat coactivator function in developing midbrain (Chilov et al., 2010) . This allele would by contrast be expected to act as a loss-of-function allele for β-cat functions requiring phosphorylated β-cat. Using a modification of a strategy recently described (Chilov et al., 2010) we generated mice only carrying the non-phosphorylatable allele in the developing midbrain ). These β-cat non-phospho embryos featured neuronal closure defects (data not shown) and developed large delaminated areas devoid of p-β-cat and γ-tub (Fig. 6b) . These areas also lack PAR3 and ZO1 ( Fig. 6g ) and feature collapsed MTs (Fig. 6l) . Importantly, β-cat non-phospho embryos still have abundant membrane-associated β-cat and to some extent nuclear β-cat (Fig. 6l) . This implies that adherence junctions remain despite the loss of cell polarity in β-cat non-phospho cells. In addition, we used a specific inhibitor of GSK3β, 6-bromoindirubin-3′oxime (BIO) to block phosphorylation of β-cat in ex vivo cultured midbrain explants (Meijer et al., 2003) . Treatment of the explants with BIO for 2 days caused formation of foci with lost epithelial polarity and disintegrated microtubules similar to β-cat non-phospho embryos (Figs. 6e, j, and o).
In contrast, accumulation of stabilized β-cat in the presence of phosphorylatable β-cat in β-cat stab embryos does not reduce adhesion ( Fig. 6h and Chilov et al., 2010; Gounari et al., 2002; Heiser et al., 2006) and does not deteriorate centrosome/MT network (Figs. 6c and m) . Also, both β-cat lof and β-cat non-phospho embryos feature similar collapsed polarity phenotype despite opposing effect on Wnt target gene expression (Chilov et al., 2010) . Importantly, whereas loss of β-cat causes enhanced differentiation (Fig. S1 ), accumulation of stabilized β-cat suppresses differentiation both in β-cat non-phospho as well as in β-cat stab embryos (Fig. S4) . Thus, loss of cell polarity does not appear to simply correlate with mitotic cell cycle exit. Taken together, these data strongly suggest that β-cat maintains MT/centrosome stability and hence cell polarity via non-transcriptional mechanisms. The results are consistent with a requirement for p-β-cat in maintenance of centrosomes, microtubules network and neural progenitor polarity.
Discussion
The study reveals new critical roles for β-cat in mammalian neurogenesis through the use of a temporally regulated deletion of β-cat in ventral midbrain and through the generation of neuronal progenitors only expressing a β-cat lacking the N-terminal phosphorylation sites. β-cat was identified as a regulator of spindle orientation and to be required for maintenance of symmetric cleavages of proliferating progenitors. β-cat was also found to be required for maintenance of MTs, polarity and centrosomes during neuronal development. The inability of the non-phosphorylatable stabilized β-cat to rescue MT, polarity, centrosome maintenance and adhesion defects suggests a specific function for p-β-cat phosphorylated on S33/S37/T41. Alterations in spindle orientation, MTs and centrosomes preceded loss of polarity and adhesion, defects which have previously been associated with conditional depletion of β-cat in the forebrain and midbrain floor plate (Machon et al., 2003; Tang et al., 2009 ).
Identification of β-catenin as a regulator of spindle orientation in mammalian neurogenesis
In the developing midbrain at E11 95% of proliferative progenitors divide with the mitotic spindle planes perpendicular to the surface of the neuroepithelium consistent with symmetric divisions. One of the early changes noted in the β-cat cells was a very significant increase in mitoses where the spindle had rotated and the spindle plane was close to parallel with the surface (Fig. 4) . Identified regulators of spindle orientation in mammalian neurogenesis include several MT and spindle pole interacting proteins, such as mInsc (Zigman et al., 2005) , the dynein/dynactin complex component Lis-1 (Yingling et al., 2008) , doublecortin (Dcx) (Pramparo et al., 2010) , Aspm (Fish et al., 2006) , Cdk5rap2 (Buchman et al., 2010; Lizarraga et al. 2010) , and huntingtin (htt) (Godin et al., 2010a) . Htt in this regard is of special interest as it interacts with and regulates β-cat (Godin et al., 2010b) . Htt is thought to regulate spindle orientation through interactions with dynein/dynactin and NuMA (Godin et al., 2010a) and is localized to centrosomes and spindle poles. Also dynein interacts with β-cat, and the interaction has been implicated to be important for centrosome and MT organization (Ligon et al., 2001) . Dynein/dynactin and NuMA are involved in regulating organization of MTs at the spindle poles (Merdes et al., 2000) as well as in mediating the interaction of astral MTs with the cell cortex in complex with LGN (Du and Macara, 2004 ). An attractive hypothesis based on these observations is that the mechanism by which β-cat regulates spindle orientation involves interactions with huntingtin and dynein affecting centrosomes and the MT network (Fig. 7) .
ß-catenin promotes symmetric cleavages and proliferative progenitors
Precise regulation of spindle orientation especially in the proliferative progenitors is critical for normal neural development (Yingling et al., 2008) , and abundant evidence suggests that spindle orientation determines the fates of the daughter cells (Bond et al., 2005; Fietz and Huttner, 2010; Haydar et al., 2003; Shu et al., 2006; Tabler et al., 2010; Yingling et al., 2008; Zigman et al., 2005) . The compromised self-renewal of neural progenitors and a bias of cell fate decisions towards cell cycle exit in β-cat-low cells are therefore likely to be mediated at least in part by spindle orientation changes leading to increased asymmetric cleavages. Recent studies have suggested that strict regulation of the mitotic spindle orientation in a dividing neural progenitor cell is needed to ensure inheritance of both apical and basal components by the daughter cells and to maintain their proliferative progenitor character. Apically located proteins required for neural progenitor character include Par3, which regulates Notch activity (Bultje et al., 2009) . Although Par3 was eventually lost in β-cat-null cells, this may not be the primary cause of increased neurogenesis, since defects in the spindle orientation and increased neurogenesis was observed in cells still expressing Par3. Recently, also the basal process has been implicated in the maintenance of proliferative progenitor character (Konno et al., 2008) . The molecular details of the basal process function are unknown, but may include signals from the basement membrane (Lahti et al., 2010) . Also distribution of other cellular organelles can be asymmetric. Of special interest is the asymmetric division of the centrosome itself, as during neurogenesis inheritance of the older mother centrosome was observed to correlate with the maintenance of proliferative apical progenitor identity in the developing cortex .
Instead of progenitor division plane affecting neural differentiation, neuronal differentiation might also have an impact on the orientation of progenitor cell division. Thus, increased neuronal differentiation might contribute to the alterations in the cell polarity and cell division planes, which we observed in the β-cat lof mutants.
However, loss of cell polarity and defects in centrosomes were also observed in the β-cat non-phospho mutants despite the continuous cell cycle and greatly reduced differentiation. Also, many progenitors were still able to proliferate efficiently despite the loss of cell polarity in the β-cat lof mutants. These results suggest that loss of cell polarity is not simply downstream of mitotic cell cycle exit in the β-cat mutants and that the phosphorylated β-cat has a cell-differentiation independent function in regulation of cell polarity.
Phosphorylated centrosomal β-catenin is implicated in maintenance of microtubules and polarity Previous β-cat overexpression studies suggest that β-cat is important together with dynein for both tethering of MTs to adherens junctions (Bellett et al., 2009; Ligon et al., 2001 ) and for organization of MTs at centrosomes (Askham et al., 2002; Ligon et al., 2001) . Also β-cat knockdown studies in tissue culture have implicated β-cat in MT regulation (Huang et al., 2007; Kaplan et al., 2004) . In these studies MTs were severely affected both after depletion of β-cat and when only the non-phosphorylatable β-cat was expressed suggesting a role for p-β-cat in regulating MTs. This is in agreement with the observation that a phospho-mimick β-cat mutant (S33/37/T41E-bcat) displayed MT aberrancies (Huang et al., 2007) . Localization studies in both neuronal tissues (this study) as well as in various other cell types (Bahmanyar et al., 2008 (Bahmanyar et al., , 2010 Corbit et al., 2008; Hadjihannas et al., 2010; Huang et al., 2007) detect p-β-cat specifically at centrosome thus implicating centrosomal p-β-cat in maintaining MTs. Interestingly, the β-cat binding protein EB1 is required for the formation and maintenance of the radial MT array anchored at the centrosome (Askham et al., 2002; Louie et al., 2004) . Furthermore, EB1 colocalizes with p-β-cat at centrosomes, and this localization requires β-cat (Huang et al., 2007) suggesting that p-β- cat regulates MTs at least in part through EB1 (Fig. 7) . This is also consistent with the observation that a decrease in EB1 puncta was noted prior to detectable alterations in MTs in this study.
Similarly to the collapse of MTs also loss of polarity as detected by absence of apical PAR3 and aPKC was a phenotype noted both after the loss of β-cat and in cells expressing the non-phosphorylatable β-cat. Loss of polarity was only noted in cells null for β-cat protein and which had lost epithelial integrity forming delaminated bulges and lacking adherent junctions. This late phenotype was similar to the one noted when β-cat was deleted from the floor plate (Tang et al., 2009 ). Based on the critical role the radial MT array plays in determining polarity (Li and Gundersen, 2008) it appears conceivable that loss of polarity is secondary to MT defects in these cells. This is also consistent with the observation that the non-phosphorylatable β-cat was cortically localized (Fig. 6) suggesting it was anchored through association with the cadherin complex.
A non-phosphorylated stabilized β-catenin does not rescue requirement of β-catenin in centrosome maintenance Our results unexpectedly demonstrated loss of centrosomes both following depletion of β-cat as well as in cells only expressing a nonphosphorylatable stabilized β-cat suggesting an important function for the phosphorylated β-cat in maintaining centrosomes in neural progenitors. Earlier siRNA studies indicate that loss of β-cat leads to inhibition of centrosome maturation (Huang et al., 2007) , monoastral spindles (Kaplan et al., 2004) , and unseparated centrosomes at mitosis (Bahmanyar et al., 2008) . By contrast, expression of nonphosphorylated β-cat has been observed to induce centrosome splitting (Hadjihannas et al., 2010) . At least two alternative hypotheses could explain the loss of centrosomes in both the β-cat lof and β-cat non-phospho embryos in our studies. If centrosomal p-β-cat is inactive protein the loss of centrosomes in β-cat lof progenitors maybe due to the lack of centrosome maturation (Huang et al., 2007) or because of centrosome splitting (Bahmanyar et al., 2008) . However, the loss of centrosomes in the β-cat non-phospho embryos is not consistent with the observed increase in aberrant centrioles and extra centrosomes in other models expressing similar non-phospohrylatable β-cat (Bahmanyar et al., 2010) arguing against this model. An alternative model, where a common mechanism would underlie the loss of centrosomes, suggests that p-β-cat has a previously unidentified independent role in centrosome maintenance, which is lacking in both the β-cat lof and β-cat non-phospho embryos. To notice the p-β-cat function requires cells expressing only the nonphosphorylatable mutant protein as noted by the lack of such phenotypes in En1 cre/+ ; β-catenin flox(ex3)/+ embryos ( Fig. 6 and Chilov et al., 2010 ) also expressing wild type β-cat. It would explain why this role has gone unnoted in studies considering the centrosomal p-β-cat only as a pool of inactive protein waiting to be degraded (Corbit et al., 2008) or to be activated for a splitting function prior to mitosis (Bahmanyar et al., 2008) , where a non-phosphorylated β-cat has been expressed concomitantly with a wild type β-cat. A specific role for p-β-cat in centrosomes in neuronal cells is consistent with the observation that p-β-cat is abundant in centrosomes, that levels of phosphorlated β-cat at centrosomes can be regulated independently of non-phosphoryalted β-cat (Hadjihannas et al., 2010) and that overexpression of phospho-β-cat leads to neuronal cell death (Godin et al., 2010b) . We show that lack of p-β-cat in β-cat-null cells leads to the loss of centrosomes thus overriding the centrosome cohesionpromoting effect expected in the absence of β-cat (Hadjihannas et al., 2010) . It would be interesting to find out whether the loss of centrosomes is due to increased splitting in the absence of p-β-cat. Nek2 -a key kinase regulating centrosome splitting -phosphorylates centrosomal cohesion proteins C-Nap1 and Rootletin to induce splitting. Also β-cat is a Nek2 substrate (Bahe et al., 2005; Bahmanyar et al., 2008) . Of note, over-expression of mutated centrosomal protein kinase Nek1, which lacks acidic domain leads to the loss of centrosomes (White and Quarmby, 2008) . This raises a question whether p-β-cat and Nek1/2 are involved in the same pathway to centrosome stabilization. Most likely, p-β-cat is important for centrosomal maintenance in neural progenitors in complex with rootletin (Bahmanyar et al., 2008; Hadjihannas et al., 2010) . Binding of Wnts to cell surface receptors (Frizzled) inhibits phosphorylation of β-cat by GSK3 and results in accumulation and nuclear translocation of unphosphorylated β-cat, which acts as a co-activator for TCF/LEF to regulate transcription and promote proliferation during development. Phosphorylated β-cat is recognized by ubiquitin ligase β-TrCP and degraded in proteasomes. In contrast, phospho-β-cat remains in centrosomes, perhaps due to block in ubiquitin ligation, increased GSK3 or decreased phosphatase activity. In centrosomes and MT plus ends β-cat was shown to interact with huntingtin, dynein, EB1. Identified regulators of spindle orientation, MT organization and MT interaction with cell cortex include dynein/dynactin complex, huntingtin (htt), NuMA, LGN.
Stabilized β-catenin without wild-type: disruption instead of proliferation of neural progenitors revealed that a previously considered dominant active allele of β-cat when expressed without wild type β-cat behaves as a loss-of-function allele in maintenance of MTs and polarity. This underscores the importance of understanding the full spectrum of β-cat functions and in interpreting phenotypes in the plethora of mouse models utilizing similar β-cat alleles. In this regard it will also be interesting to study p-β-cat and its localization to centrosomes in circumstances where β-cat is stabilized through external regulation such as huntingtin mutations in Huntington's disease, presenilin-1 mutations in Alzheimers disease (Chevallier et al., 2005) and APC mutations in colorectal cancer. Stabilization of p-β-cat in Huntington's disease leads to neurotoxicity (Godin et al., 2010a) , whereas stabilization by mutant presenilin-1 leads to altered neuronal differentiation (Chevallier et al., 2005) . Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2011.06.029.
